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Introduction: L-Glutamate is a conditionally essential amino acid, meaning it can
become essential under specific conditions, like stress or disease. It is an
abundant intracellular amino acid crucial in immune responses.
Supplementation of feed with key amino acids, such as glutamate, can
optimize growth and have other health benefits for production animals. Most
research on dietary amino acid supplementation has focused on mammalian
models, thus this research turned to hybrid striped bass, a teleost fish of growing
importance to the aquaculture industry. The study investigated the effects of
dietary supplementation with 0% or 5% glutamate in hybrid striped bass on
intestinal mucosal immunity.

Methods: The basal purified diet contained crystalline amino acids, including 3%
L-glutamate. After an 8-week period of dietary supplementation with 5%
glutamate followed by lipopolysaccharide stimulation, the intestinal mucosa
was analyzed at the cellular and molecular levels to compare with the head
kidney to assess potential changes in immune reactivity.

Results: One week after lipopolysaccharide stimulation, glutamate
supplementation enhanced (P < 0.05) the whole-body growth of fish without
lipopolysaccharide challenge, total respiratory burst (the sum of O, and H,O»
production) in head kidney leukocytes, the net production of H,O, in intestinal
mucosal leukocytes, and upregulation of expression of mRNAs for IL-1B, TNF-a,
and IgT in the gut mucosa.

Discussion: Dietary supplementation with 5% L-glutamate may modulate
intestinal mucosal immunity and improve growth in HSB to enhance disease
resistance. Further research is needed to clarify the mechanism and cost-
effective application.
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intestinal mucosa, glutamate, nutrition, leukocytes, immune response, reactive oxygen
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1 Introduction

Dietary amino acids (AAs) are the building blocks of proteins.
They are obtained through consuming myriad protein sources, and
the AAs play a crucial role in the nutrition and health of animals (1,
2). Among these AAs, L-glutamate (Glu) is produced endogenously
in tissues of animals, including mammals and fish such as hybrid
striped bass (HSB) (3-5). Glu is synthesized de novo from (a) other
AAs and o-ketoacids via transaminases, (b) the hydrolysis of L-
glutamine by phosphate-activated glutaminase, and (c) ammonia
plus o-ketoglutarate by Glu dehydrogenase (3, 6). Studies in young
pigs have shown that a substantial portion of dietary Glu—up to
97% —is metabolized in the small intestine, predominantly by
enterocytes (7). Notably, fish exhibit a remarkable capacity to
utilize dietary protein as an energy source (8-10), suggesting a
potential to strategically exploit Glu in their intestinal physiology
and immunity. However, the metabolism of Glu in specific cells and
tissues, as well as its dietary use in teleost fish, remains
poorly understood.

Based on findings in neonatal pig enterocytes and activated rat
macrophages, glucose is oxidized through the pentose cycle (15%
and up to 30% respectively), a pathway efficient in producing
NADPH (11, 12). NADPH is required for respiratory burst, a
mechanism seen in phagocytic leukocytes that produce reactive
oxygen species (ROS) to kill pathogens (13-15). In the intestinal
mucosal leukocytes of HSB, glucose oxidation through the pentose
cycle was at higher rates than glycolysis, approximately 42.4 and
10.7 nmol/2 h/10° cells, respectively (16). It is here where Glu may
play a role in modulating oxidant-antioxidant balance, because
NADPH is used for the generation of superoxide anion (O,") and
hydrogen peroxide (H,0,) from O, and of reduced glutathione (a
potent antioxidant) from oxidized glutathione (12). Traditionally
classified as a non-essential amino acid (NEAA) in animal
nutrition, Glu has now been recognized as a functional amino
acid due, in part, to its significant role in the immune function of
terrestrial animals (3, 17-20). Initial attempts to investigate dietary
glutamate were interrupted due to power failure. A fortuitous result
from the accident was the observations that juvenile HSB
supplemented with 1-5% glutamate had a 52-54% survival rate
under decreased dissolved oxygen overnight and that 100% of these
fish survived after abrupt water quality changes (21). In contrast, all
HSB fed a glutamate-free diet died under conditions of the
decreased dissolved oxygen or within 10 min after abrupt water
quality changes (21). These results indicate that HSB’s endogenous
glutamate synthesis was insufficient, and that dietary provision of
adequate glutamate was necessary for its health and survival under
stressful conditions.

Despite advances in the nutrition field, there is still a
considerable gap in our understanding of how Glu affects the

Abbreviations: AA, Amino acid; Glu, Glutamate; NEAA, Non-essential amino
acid; ROS, Reactive oxygen species; NRC, National Research Council; LPS,
Lipopolysaccharide; KHB, Krebs-Henseleit bicarbonate buffer; BSA, Bovine
serum albumin; PMA, Phorbol myristate acetate; IONO, Ionomycin; SEM,

Standard error of the mean; VMBS, Veterinary Medicine and Biomedical Science.
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intestinal mucosa’s immunocytes (15). For fish, mucosal surfaces
play a crucial role as the first line of defense against environmental
pathogens, given the direct exposure to their aquatic environment
(22). Gaining a deeper understanding of the fundamental principles
of their immune systems could offer valuable insights into
enhancing nutritional immune support in aquaculture (22-24).

Among animal protein sources, fish provide high-quality
protein and other essential nutrients for human health (15, 25).
As the United States shifts toward more sustainable fisheries and
aquaculture practices, there is an increasing focus on fish immunity,
especially in high-density, closed-system aquaculture such as those
used for HSB. Over the past decade, HSB has been one of the fastest-
growing animal production sectors in the United States (25-27).
Therefore, understanding the optimal AA requirements in HSB is
crucial for formulating ideal diets to enhance growth and disease
resistance. High-density aquaculture has subjected fish to increased
pathogen pressures, and infectious diseases can result in substantial
economic losses estimated at up to $10 billion annually in global
aquaculture (25). Thus, implementing effective fish health
management strategies is imperative. This study proposes
nutritional interventions to bolster immunity as a non-invasive
and less labor-intensive alternative to traditional methods such as
vaccination. The goal is to improve production efficiency by
advancing our understanding of AA nutrition through
immunomodulation in HSB.

Glu is one of the most abundant AAs in commonly used protein
sources for aquafeeds—including fishmeal, poultry by-product
meal, and soybean meal (28, 29)—highlighting the importance of
understanding its role in teleost fish’s nutrition and immune
function. The primary objective in this study is to explore the
influence of dietary Glu on the intestinal mucosal leukocytes’
immune response in HSB. The hypothesis is that Glu supports
the intestinal mucosal immunity of HSB by regulating respiratory
burst (the production of O, and H,0,) in leukocytes to enhance
immune responses in ways that can be exploited by feed
optimization. These ROS kill pathogens in the innate immune
response (14). The current study aims to employ purified diets
containing crystalline AAs.

2 Materials and methods

This study (AUP # IACUC 2020-0322) was conducted
following the approval by the Institutional Animal Care and Use
Committee of Texas A&M University (College Station, TX, USA)
on February 23, 2021 according to the Animal Welfare Act and
Regulations of the United States Department of Agriculture.

2.1 HSB husbandry and sample collection

2.1.1 Animals and housing

Juvenile HSBs weighing approximately 5 grams were sourced
from Keo Fish Farm (Keo, Arkansas, USA) and housed in a
recirculating aquaculture system. The experimental setup
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included 12 tanks, each with four fish, containing 38 gallons of
water maintained at 25-27°C. Aeration was provided by
electromagnetic commercial air pumps (VEVOR, Amazon.com,
Seattle, MA, USA) connected to air stones (2 per tank). The
system utilized deionized water from a central reservoir, with
water quality closely monitored through regular changes (30-50%
daily) and salinity adjusted to 2-4 ppt using sea salt (Instant Ocean,
Blacksburg, VA). Key water parameters, including salinity (2-3
ppt), pH (6.5-7.5), NH, " (< 0.5 mg/L), nitrite (< 1 mg/L), nitrate (<
20 mg/L), and dissolved oxygen (6-8 ppm), were measured daily
(except for dissolved oxygen) to ensure optimal and consistent
conditions. Since water parameters were stable throughout the trial,
dissolved oxygen was measured weekly. The tanks were maintained
on a 12-hour light cycle from 8:00 AM to 8:00 PM. The fish were
acclimated for one week in our system, where for the first four days,
HSB were fed a 60% fishmeal diet made in-house and fed to
satiation twice daily (3). For the following three days, the diet was
switched to a purified formulation containing 3% Glu (Table 1),
matched to the nutritional profile of 60% fishmeal (3). HSBs were
fed until they reached a body weight of 10 grams to start the 8-week
supplementation period. The experimental timeline is shown
in Figure 1.

TABLE 1 The formulation and composition of the purified diets as fed
during the 8-week supplementation period?.

Diets
Ingredients (g/kg)
Control 5% Glu
Fish oil® 110 110
Soy oil* 10 10
Dextrinized starch? 200 200
Cellulose® 139.925 120.205
Carboxymethyl cellulose (CMC)* 30 30
Vitamin premix® 1.055 1.055
Macromineral premix” 76.14 76.14
Micromineral pemix' 0.900 0.900
Amino acid (AA) mix (see below)! 360.78 380.5
Non-AA nitrogenous substances® 11.2 11.2
Water 60 60
Total 1000 1000
AA mix! g/kg g/kg
Arg 20.2 20.2
Asn 12.5 12.5
Asp 18.3 18.3
Cys 37 37
Gln 20.1 20.1
Gly 235 235
(Continued)
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TABLE 1 Continued

AA mix g/kg g/kg
His 7.8 7.8
Tle 13.3 13.3
Leu 24.8 24.8
Lys-HCI 30.7 30.7
Met 10.9 10.9
Phe 12.8 12.8
Pro 20.6 20.6
Ser 14 14
Thr 13.8 13.8
Trp 3.9 39
Tyr 10.4 10.4
Val 16.7 16.7
Taurine 25 2.5
Ala 50.3 20
Glu 30 80

“Values are expressed on an as-fed basis.

“Fish oil (Paragon, Illinois, USA).

“Nutrioli pure soybean oil (Ragasa, N.L., Mexico).

4Maltodextrin (Amazon.com, Seattle, MA, USA).

“Microcrystaline cellulose 102 (Blue Diamond Growers, California, USA).

fSodium carboxy methyl cellulose (Pro Supply Outlet, California, USA).

8Providing the following vitamins (mg/kg diet): retinyl (vitamin A) acetate, 23.06;
cholecalciferol (vitamin Ds), 20.24; DL-0-tocopheryl (vitamin E) acetate, 200; menadione
(vitamin K3), 12; vitamin C, 300; DL-calcium pantothenate (vitamin Bs), 109; myo-inositol,
150; niacin, 140; pyridoxine (vitamin Bg), 30.4; vitamin B,; thiamine (vitamin B,;)
mononitrate, 32.6; biotin, 1.5; folic acid, 6; vitamin B,, 0.2.

"Providing the following macrominerals (g/kg diet): CaHPO,.2H,0, 33.7; NaCl, 15.3;
MgS0,.7H,0. 14; and KCI, 13.14;

iPr()viding the following minerals (mg/kg diet): chromium(III) chloride, 7.3; CuSO,4-5H,0, 35;
FeSO,47H,0, 498; MnSO4-4H,0, 82; Na,SeOs, 3; ZnSO47H,0, 258; sodium molybdate, 0.26;
sodium fluoride 1.3; CoCl-6H,0, 5.2; KI, 7.8; and nickel chloride, 2.2.

JAA mixture (crystalline AAs; Ajinomoto, Tokyo, Japan).

kProviding the following substances (g/kg diet): choline chloride, 2.4; betaine, 5; inosine 5-
monophosphate, 3; creatine, 0.72; and carnitine, 0.08.

2.1.2 Diets

Purified diets were formulated and made in the laboratory to
evaluate the effect of dietary Glu on intestinal mucosal immunity in
HSB and ensure precise nutrient manipulation by eliminating
confounding variables (Table 1). All AAs (except for glycine and
taurine) used were in their L-form. The formulation of the
experimental diets complied with the recommended requirements
for energy, nutritionally essential AAs, fatty acids, vitamins, and
minerals as specified by the National Research Council (NRC) for
HSB (30). L-alanine was used as the isonitrogenous control in the
control diet. Before use, all dry ingredients were thoroughly mixed,
followed by adding fish oil and water to create a semi-moist dough.
The diet dough was further mixed thoroughly for extrusion to form
pellets using a screw extruder (Big Bite Meat Grinder, West Chester,
OH) fitted with a 1/8-inch plate. The extruded pellets were dried at
37°C until both diets reached a dry matter content of 92.6% to
ensure consistent nutrient delivery. The prepared pellets were
stored at —20°C in plastic zip-lock bags until use.
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2.1.3 Experimental trial

Fish of about 10 grams were randomly assigned to one of 12
tanks per diet group. Feed pellets were manually distributed to each
tank to ensure that HSB received their designated food during
feeding sessions. In cases of fish mortality, the amount of feed
provided to each tank was adjusted according to the number of
surviving fish to maintain consistent feeding levels per fish. After
the 8-week supplementation period, HSB from each diet group were
randomly selected to receive the intraperitoneal administration of
0.1 mL of RPMI medium containing either 0 (sham) or 100 pg of
2,4,6-trinitrophenyl hapten conjugated lipopolysaccharide (LPS;
Santa Cruz Biotechnology, Santa Cruz, CA). On Day 7 post-sham
or LPS injection, all fish were weighed. On Days 7 and 8, fish (half of
them on each day) were euthanized for tissue collection, as shown
in Figure 1.

2.1.4 Sample collection

On the day of necropsies, tissue sampling was performed 4 h
post-feeding. Specifically, whole blood (~0.5 mL) was obtained from
the caudal vein of HSB using a 1-mL heparinized syringe and
immediately centrifuged at 10,000 x g for 1 min to obtain the
plasma. The latter was rapidly placed in liquid nitrogen and stored
at -80°C until biochemical analyses. After blood sampling, HSBs
were euthanized using freshly prepared 140 ppm MS-222 buffered
to pH 7.5 with an appropriate amount of sodium bicarbonate. Fish
were considered unresponsive when they did not respond to touch
for 1 min, and their gills did not move. Thereafter, the intestine was
collected and then butterflied open to be washed with oxygenated
(95% 0,/5% CO,) Ca'-free Krebs-Henseleit bicarbonate buffer
(KHB, pH 7.4; 119 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO,, 1.2
mM KH,PO,, and 25 mM NaHCOs;, pH 7.4) containing 20 mM
Hepes (pH 7.4), 5 mM glucose and 0.5% of fatty acid-free bovine

10.3389/fimmu.2025.1575644

serum albumin (BSA). For the remainder of the article, this buffer
was referred to as KHB-BSA. The intestinal mucosal tissue was
obtained using a glass slide to gently scrape the mucosa from the gut
submucosa. The head kidneys were collected by dissecting. A
portion of each tissue was placed in the KHB-BSA buffer for the
isolation of leukocytes, and another portion (the midgut in the case

® solution. After

of the intestine) was preserved in RNAlater
overnight standing at 4°C, the RNAlater®-preserved tissues were

stored at —20°C until they were used for RNA extraction.

2.2 Biochemical assays

2.2.1 ROS release from leukocytes

On Days 7 and 8 post-sham or LPS injection, intestinal mucosa
samples were collected from 6 fish of the same tank and pooled as
one sample in a 5 mL tube containing KHB-BSA buffer. This
ensured that there were enough cells for biochemical
measurements. Head-kidney samples from 6 fish were also pooled
as one sample in a 5 mL tube with KHB-BSA buffer. Both types of
tissues were then gently passed through a 3-um mesh filter in KHB-
BSA bulffer.

Leukocytes were isolated using Ficoll-Hypaque (specific gravity
= 1.077) and subsequently assessed for respiratory burst activity by
measuring the release of O, and H,0, in the presence or absence of
the mitogens, phorbol myristate acetate (PMA) plus ionomycin
(IONO), as outlined by Wu and Marliss (11). Briefly, the net release
of O, by leukocytes was quantified using the SOD-inhibitable
reduction of ferricytochrome ¢ (11, 31). Cells were incubated for
30 min at 26°C in 1 mL of two different reaction mixtures, each
containing 0.5% BSA, 5 mM glucose, 80 uM ferricytochrome ¢, and
either 0 or 40 pg SOD, with or without phorbol myristate acetate

Conditioning Dietary Intervention LPS Mediated
Challenge
Control diet ~
5g HSB ( . Necropsy
i — 109 7 and 8
HSB i days post
. 5% Glu diet lays p
Purified > injection
60% AA
Fish Meal (3% Glu)
Acclimation ,, Adaptation | 8 week supplemer
¥ 7”7

4 days 3 days St;rt

FIGURE 1

End

Experimental timeline for the animal feeding trial. The trial consisted of three phases: a conditioning phase, a dietary intervention period, and a 7-day
post-LPS mediated challenge. The conditioning phase consisted of acclimating 5 g HSB from Keo Farms to the system with a 60% fishmeal diet (4
days) and the control diet (3 days) made in-house and fed to satiation twice daily. HSBs were fed until they reached a weight of 10 grams to start the
8-week supplementation period, where HSB were subjected to the control diet or the experimental diet containing an additional 5% Glu. After the
8-week supplementation period, HSB from each diet group were randomly selected to receive the intraperitoneal administration of 0.1 mL of RPMI
medium containing either O (sham) or 100 pg LPS and were continually fed with their correspond diets. On Day 7 of post-LPS injection, all fish were
weighed. On Days 7 and 8, fish (half of them on each day) were euthanized for tissue collection. Created in BioRender. Hissen, K. (2025) https://

BioRender.com/p33v886.
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(PMA, the final concentration of 500 ng/mL) plus ionomycin
(IONO, the final concentration of 7.5 ng/mL). PMA and IONO
are mitogens that activate protein kinase C. The absorbance of the
supernatant at 550 nm was measured using a spectrophotometric
plate reader (BioTek Synergy HI1, Agilent Technologies, Santa
Clara, CA). The amount of net O, released was calculated based
on the number of cells per well, using the formula O, release
(nmol/cells) = (Agample = Areference) X 71.4 X 1.333/number of cells in
an assay tube. The length of the light path in each 350-microliter
well of the microplates used is assumed to be 1 cm.

For measuring the net release of H,0,, leukocytes were
incubated at 26°C in 1 mL of KHB buffer (pH 7.4) containing
0.5% BSA, 5 mM glucose, 0.56 mM phenol red, and peroxidase (0.1
mg/mL), with or without PMA (500 ng/mL) plus IONO (7.5 ng/
mL). After 30 min, the reaction was stopped by mixing the medium
with 13.3 mM NaOH (11, 31). Standard curves were generated
under the same conditions in quadruplicates.

2.2.2 Analysis of AAs

Free AAs in the plasma were analyzed using a Waters Alliance
HPLC system (Milford, MA, USA), employing precolumn
derivatization with OPA as described by Dai et al. (32). Briefly,
20 pL of plasma samples were acidified with 20 pL of 1.5 mol/L
HCIO, and vortexed. The acidified samples were mixed with 450 pL
of HPLC-grade water, neutralized with 10 pL of 2 mol/L K,COs,
and vortexed again. Following neutralization, the samples were
centrifuged at 10,000 x g for 1 min using an Eppendorf 5920R
centrifuge, and the supernatant fluid was collected for AA analysis.

For the HPLC analysis, the AA standards (50 uM for each AA)
and neutralized plasma samples were prepared in 2-mL glass vials
containing 0.1 mL of 1.2% benzoic acid (an antimicrobial agent,
prepared in saturated potassium borate), 0.1 mL of a 50 uM AA
standard solution, and 1.4 mL of HPLC-grade water. The mixture
was vortexed for 10 sec. An aliquot of 15 pL from this solution was
mixed with 15 pL of the 30 mM OPA reagent for 1 min in the
autosampler. The OPA-AA derivatives were separated on a Supelco
3-um reverse-phase C;g column (150 mm x 4.6 mm ID, Sigma-

10.3389/fimmu.2025.1575644

Aldrich, St. Louis, Missouri) guarded by a Supelco 5-pum reverse-
phase C;5 column (50 mm x 4.6 mm ID) with a solvent gradient
composed of Solution A (0.1 mM sodium acetate (pH 7.2), 9%
methanol, and 0.5% tetrahydrofuran) and Solution B (methanol).
Amino acid concentrations in samples were quantified relative to
authentic standards using the Empower-3 Software (Waters,
Milford, MA).

2.2.3 Relative RNA expression

RNAlater® RNA-preserved immune tissues, including head
kidney and mid-gut mucosa, were homogenized separately for
RNA extraction using the RNeasy® 100 Mini Kit (Qiagen,
Hilden, Germany) and TissueLyser II (Qiagen, Hilden, Germany)
with 5-mm stainless steel beads. RNA concentration was measured
using a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). Samples with a 260/280 ratio outside the
range of 2.0 to 2.2 were excluded from downstream applications.
Repeated samples were selected based on these quality parameters
and higher RNA concentration. According to the manufacturer’s
instructions, the first-strand cDNA synthesis was performed using
the SuperScriptTM III First-Strand Synthesis System (Thermo Fisher
Scientific, Waltham, MA). 500 ng of RNA per sample was mixed in
a 1:1 ratio with 50 ng/uL random hexamers and 50 uM oligo dT
primers, then incubated at 65°C for 5 min to denature
secondary structures.

The degenerate primers for IL-1f3 and TNF-a, used in this study
were adopted from Jeon and Fast (33) and were validated through
conventional PCR and gel electrophoresis. IgT (FM010886) (34)
and EF-1o (AJ866727) (33) were also confirmed in various HSB
tissues, ensuring the expected amplicon size (Table 2). Additionally,
real-time quantitative PCR (RT-qPCR) was conducted using
SYBR® Green PCR Master Mix (Applied Biosystems, Waltham,
MA) to determine primer efficiency before measuring the relative
gene expression in all samples. Each 10-uL reaction contained 5 UL
of SYBR master mix, 1 UL of 5 uM forward and reverse primers, and
4 uL of cDNA at a 1:100 dilution. The amplification protocol
included 50°C for 2 min, followed by 95°C for 2 min for polymerase

TABLE 2 Primer sequences of genes of interest and a reference gene for real-time qPCR.

Gene Primer Name Primer Sequence Length (bp) Ref.
EFlo-F CTTGACGGACACGTTCTTGA
Elongation factor 1o 151
EFlo-R GTGGAGACCGGTGTCCTGAA
IL1B-F CAGACTGGCTTTGTCCACTG
Interleukin 77 (33)
IL1IB-R AGTCCTGCTGATTTGATCTACC
TNFo-F AACGATGGTGAAGAGGAAAG
Tumor necrosis factor o 80
TNFo-R CCTATGGAGTCTGAGTAGCG
IgT-F TCACTTGGCAAATTGATGGA
Immunoglobulin T 143 (34)
IgT-R AGAACAGCGCACTTTGTTGA
“Reference gene.
Primers were taken from the literature (see reference).
Frontiers in Immunology 05 frontiersin.org
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activation, then 40 cycles of 95°C for 15 sec (annealing), 60°C for 1
min (denaturing), and 72°C for 1 min (extending). A melting curve
analysis was performed with a 0.5°C increment per cycle over 5 sec
between 55 and 95°C. Relative gene expression was calculated using
the Fu et al. method (35), with results normalized against the
control-sham group using EF-1ca. (AJ866727) (33) as the reference
gene. Briefly, normalization was performed by dividing each
group’s mean value by the mean value for the control-sham
group. Normalized values were expressed as fold changes relative
to the control-sham group that was set to 1. The standard error of
the mean (SEM) for normalized data was calculated by dividing the
SEM of each group by the mean for the control-sham group. The
normalized data are reported as mean + SEM.

2.3 Histology

To assess goblet cell distribution, 3-mm x 3-mm proximal
sections were collected from two fish per treatment group and
fixed in Carnoy’s Solution (60% ethanol, 30% chloroform, and 10%
glacial acetic acid) for 45 min (36-38). They were then rinsed with
70% ethanol to stop the fixation process and stored until sent to the
Veterinary Medicine and Biomedical Science (VMBS) Histology
Laboratory at Texas A&M. There, the tissues were embedded in
paraffin and cut in 4-um consecutive cross sections with a rotary
microtome and placed on charged slides. Sections were stained with
hematoxylin and eosin (H&E) and Alcian Blue, pH 2.5. With
assistance from the digital pathology group, slides were scanned
and analyzed using Concentriq by Proscia.

2.4 Statistical analysis

All data are presented as means + SEM. Statistical analyses were
conducted using two-way ANOVA as described by Assaad et al. (39),
and other tests, including the paired t-test and three-way ANOVA,
utilizing JMP®, Version 16.0.0 (SAS Institute Inc., Cary, NC). Pairwise

10.3389/fimmu.2025.1575644

comparisons were conducted using the Student-Newman-Keuls (SNK)
test to identify significant differences among group means (40).

3 Results
3.1 Growth performance

LPS challenge decreased growth in HSB and this effect of LPS
was attenuated by dietary Glu supplementation (Table 3).
Specifically, in the absence of LPS treatment, the body weight and
weight gain of HSB in the 5%-Glu group were 17% (P = 0.006) and
52% (P = 0.026) greater, respectively, than the 0% Glu group.
Challenge with LPS reduced the body weight and weight gain of
HSB by13% (P = 0.010) and 46% (P = 0.026), respectively,
compared with the sham counterparts. Neither the body weight
nor the weight gain of HSB differed (P > 0.05) between the 0% Glu +
LPS and the 5% Glu + LPS groups, although the values for the the
5% Glu + LPS group were numerically 8% and 17% greater,
respectively, than those for the 0% Glu + LPS group.

3.2 AA concentration in plasma

The concentrations of only a few AAs in the plasma of HSB
were affected by Glu supplementation or LPS challenge (Table 4). In
the absence of LPS challenge, the concentrations of Glu, aspartate,
asparagine, citrulline, arginine, and tyrosine in plasma were
increased (P < 0.05) but those of taurine were decreased (P <
0.05) in HSB fed the 5% Glu diet. The concentrations of other AAs
in plasma were not affected (P > 0.05) by diet. In response to LPS
challenge, the concentrations of Glu, aspartate, asparagine, serine,
and tyrosine in plasma were decreased (P < 0.05) but all measured
AAs in plasma did not differ (P > 0.05) between the 0% Glu and the
5% Glu groups. There were interaction effects between Glu
supplementation and LPS challenge in asparagine, citrulline,
taurine, and tyrosine. Specifically, LPS challenge decreased (P <

TABLE 3 Body weight and weight gain of HSB before and after the immune challenge.

Control 5% Glutamate

Body Weight (g/fish)

Sham LPS Sham LPS Diet

Day 0 275410  267+13 | 299+16 | 285+13
0.006

Day 7 334+13°  304+14°  389+24°  328+11°

Weight Gain (g/fish)

. . Diet
o Dy xDII_ePtS xDIIDE:a\t xngz RIEFS
Y Y X Day

0.010 <0.0001 0.370 0.383 0.108 0.561

Diet x LPS

5.90 3.70 8.95 432
+0.46° +0.56° +1.04° +0.84°

Values are means + SEM, n = 6 tanks per treatment group.

0.026

<0.001 0.126

*®Means in a row without a common superscript letter differ (P < 0.05) as analyzed by the SNK multiple comparison test.

'Probability values are indicated in italics.
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TABLE 4 Concentrations (hmol/ml) of amino acids (AAs) in the plasma of HSB.

Control 5%-Glu
SHAM SHAM Diet x LPS
Glu 120 + 11° 86.0 + 10.3" 228 + 22° 114 +27° 0.002 0.001 0.051
Asp 103 + 19" 67.6 + 7.8 157 +13° 714 + 85" 0.044 <0.001 0.076
Asn 925 +9.8" 87.1 + 10.0° 156 + 26* 65.8 + 4.5° 0.174 0.006 0.012
Ser 316 + 36 278 + 38 342 + 37 223+ 86 0.668 0.026 0.223
Gln 231£15 237 £33 298 + 47 231+ 20 0.344 0.342 0.257
His 97.2 + 11.4 172 + 19 131 +27 138 + 24 0.996 0.074 0.135
Gly 374 + 40 314 £ 17 380 + 36 343 + 28 0.578 0.146 0.713
Thr 168 + 17 156 + 28 212 + 44 151 + 20 0.505 0.232 0.410
Cit 30.4 + 13.0° 432+ 86" 76.1 + 15.5" 317 +6.7° 0.155 0.189 0.024
Arg 124 + 10° 170 + 10*° 208 + 26° 212 + 30° 0.009 0.252 0.327
Tau 2080 + 262° 772 + 123° 1110 + 228" 1380 + 157° 0.374 0.020 0.001
Ala 881 + 109 726 + 46 786 + 101 733 + 103 0.648 0.281 0.594
Tyr 58.2 + 8.7 50.8 + 5.6 112 + 10° 63.5 + 7.4 0.001 0.003 0.023
Trp 271428 299 432 285+ 5.0 28.8 + 45 0.962 0.698 0.759
Met 104 + 25 77.6 + 11.1 104 + 32 113 + 15 0.443 0.702 0.435
Val 314 £ 53 232+ 18 427 + 78 280 + 20 0.121 0.033 0.523
Phe 130 + 14 119 + 12 163 + 16 147 + 17 0.065 0.382 0.864
Tle 133 + 25 152 + 32 171 + 36 129+ 9.7 0.781 0.676 0.295
Leu 344 £ 56 317 + 39 419 + 80 297 + 21 0.612 0.183 0.393
Orn 40.6 + 12.5 229+ 35 39.1 + 10.9 212+ 17 0.854 0.054 0.989
Lys 298 + 19 245 + 45 290 + 45 216 + 24 0.608 0.095 0.770

Values are means + SEM, n = 5 per treatment group.

*PMeans in a row without a common superscript letter differ (P < 0.05) as analyzed by the SNK multiple comparison test.

Cit, citrulline; Orn, ornithine; Tau, taurine.
'Probability values are indicated in italics.

0.05) the concentrations of asparagine, tyrosine, and citrulline in
plasma in fish fed the 5% Glu diets but had no effect in fish fed the
0% Glu diets. In contrast, LPS challenge decreased (P < 0.05) the
concentrations of taurine in plasma in fish fed the 0% Glu diets but
had no effect in fish fed the 5% Glu diets.

3.3 Net ROS release in leukocytes

3.3.1 Mitogen activation to enhance O,~ and
H,0, production

To validate the assay, we assessed the effectiveness of PMA +
IONO in leukocytes from the gut mucosa and head kidney by
measuring ROS production. As illustrated in Figure 2, leukocytes
from both the gut mucosa and the head kidney exhibited an
increase in respiratory burst when stimulated with the mitogens
(P < 0.05). This robust response underscores the effectiveness and
reliability of our assay in triggering and detecting cellular activation.
The consistent and pronounced stimulation observed across both

Frontiers in Immunology

tissue types confirms the assay’s sensitivity and specificity in
eliciting an immune response, validating its use in further
investigations of leukocyte function and activation pathways.

3.3.2 Net release of O, and H,0,

The data on the net release of O, by HSB leukocytes incubated
without mitogen stimulation are summarized in Table 5. In
intestinal mucosal leukocytes incubated without mitogens, Glu
supplementation and LPS challenge increased (P < 0.01) the net
release of H,O, by 40% and 101%, respectively, but had no effect on
the net release of O, ; LPS challenge increased (P < 0.05) the net
release of O,  plus H,O, by 52%. There was no interaction effect
(P > 0.05) in the net release of ROS between Glu supplementation
and LPS challenge. In head-kidney leukocytes incubated without
mitogens, Glu supplementation decreased the net release of O, and
O, plus H,0O, by 30% (P < 0.001) and 21% (P < 0.05), respectively,
whereas LPS challenge increased (P < 0.01) the net release of O, ,
H,0,, and O, plus H,0, by 112% (P < 0.001), 37% (P < 0.05), and
94% (P < 0.001), respectively. There were interaction effects in the
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H,O,, and their combined levels within the gut mucosa and head kidney leukocytes. Comparison of experimental conditions

using the mitogen PMA plus lono on O,~ and H,O5 in leukocytes from the gut mucosa and the head kidney. The results confirmed that the
mitogens significantly increased the net release of both O, and H,O,. leukocytes within both the gut mucosa and the head kidney exhibited a
significant increase in activation when stimulated with the mitogen (P < 0.05). Differences in values between the presence and absence of mitogens

were analyzed by the paired T-test.

net release of O,” (P < 0.001) and O,  plus H,O, (P < 0.001)
between Glu supplementation and LPS challenge.

The data on the net release of O, by HSB leukocytes incubated
with mitogen stimulation are summarized in Table 6. Most of
results regarding the effects of Glu supplementation and LPS
challenge on ROS release by these cells were qualitatively similar
to those for the absence of mitogens. Specifically, in intestinal
mucosal leukocytes incubated with mitogens, Glu
supplementation and LPS challenge increased (P < 0.01) the net
release of H,0, by 45% and 83%, respectively, but had no effect on
the net release of O,". LPS, but not Glu supplementation, increased
(P < 0.05) the net release of O,  plus H,O, by intestinal mucosal
leukocytes. There was no interaction effect (P > 0.05) in the net
release of ROS by these cells between Glu supplementation and LPS
challenge. In head-kidney leukocytes incubated with mitogens, Glu
supplementation increased the net release of O, , H,O,, and O,
plus H,0, by 312% (P < 0.001), 29% (P < 0.05), and 213% (P <
0.001), respectively, whereas LPS challenge increased (P < 0.01) the
net release of O,", H,0,, and O, plus H,O, by 25% (P < 0.001),
22% (P < 0.05), and 25% (P < 0.001), respectively. There were
interaction effects in the net release of O, (P < 0.001) and O, plus
H,0, by head-kidney leukocytes (P < 0.05) between Glu
supplementation and LPS challenge.

Frontiers in Immunology

3.4 Gene expression

LPS challenge did not affect gene expression for IL-13, TNF-q,
and IgT across the head kidney, spleen, and gut mucosa (Table 7).
In contrast, Glu supplementation upregulated the expression of IL-
1B and TNF-o (inflammatory cytokines) in the intestinal mucosa
by 374% (P < 0.01) and 181% (P < 0.05), respectively. Additionally,
the expression of IgT in the intestinal mucosa was increased (P <
0.05) by 96% increase in Glu-supplemented fish as compared with
fish without Glu supplementation.

3.5 Histology

Morphological changes in the intestine were observed between
the control and Glu-supplemented HSB. Alcian Blue staining
revealed qualitative differences in the distribution and abundance of
goblet cells along the intestinal villi following Glu supplementation
(Figure 3). Goblet cells appeared to be less abundant in the control-
sham HSB than in the 5%-Glu-sham HSB. LPS stimulation also
appeared to increase the abundance of these cells as compared to their
sham counterparts, indicating a possible mucosal response to Glu
supplementation and the inflammatory stimulus.
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TABLE 5 Effects of diet and LPS on the net of O,™ and H,0, by the intestinal mucosa and head kidney leukocytes from HSB in the absence

of mitogens.

Release

5% Glu

Sham

Glu x LPS

Intestinal Mucosal Leukocytes (pmol/10° cells/min)

) (n=5) (n=5) (n=5) (n=3)
o 341 £ 52 355 + 137 169 + 27 376 + 101 0.278 0.305 0312
(n=8) (n=7) (n=7) (n=8)
0 522 + 41° 1710 + 120° 1260 + 107 1870 + 298" 0.008 <0.001 0.113
(n=5) (n=4) (n=14) (n=3)
.
O+ IO 631 + 36 1120 + 177 838 + 56 1110 + 255 0.425 0.012 0.449
Head Kidney Leukocytes (pmol/10° cells/min)
) (n=8) (n=8) (n=8) (n=4)
o 251 + 17° 840 + 73° 344 + 21°¢ 424 + 28" 0.001 <0.001 <0.001
(n=16) (n=15) (n=28) (n=38)
O 586 + 13.3 723 + 8.8 446+58 69.1 2.6 0.316 0.016 0.501
(n=6) (n=5) (n=8) (n=4)
o
Ox T HRO: 266 + 16° 774 + 85° 366 + 19°¢ 455 + 28° 0.023 <0.001 <0.001

Values are means + SEM with the number of independent observations indicated in the parentheses.
““Means in a row without a common superscript letter differ (P < 0.05) as analyzed by the SNK multiple comparison test.
*The sum of O, and % H,0,, based on the principle that every two molecules of O, result in one molecule of H,0, (2 O,” + 2H" — H,0, + O, via superoxide dismutase).

!Probability values are indicated in italics.

TABLE 6 Effects of diet and LPS on the net of O,™ and H,O, by the leukocytes of the intestinal mucosa and head kidney from HSB in the prescence

of mitogens.

Release

Control

Sham

5% Glu
LPS

p-value

Glu

Glu x LPS

Intestinal Mucosal Leukocytes (pmol/10° cells/min)

) (n=6) (n=7) (n=4) (n=6)
o 502 + 142 508 + 146 470 + 115 456 + 72 0.689 0.912 1.000
(n=8) (n=7) (n=8) (n=8)
o 1190 + 78° 1930 + 72° 1510 + 177° 3010 + 526° 0.020 0.001 0.210
(n=6) (n=6) (n=4) (n=6)
o~
Ox IO 1110 + 164 1370 + 161 1320 + 73 1850 + 389 0.128 0.145 0.593
Head Kidney Leukocytes (pmol/10° cells/min)
) (n=8) (n=8) (n=8) (n=8)
o 317 + 14° 1010 + 112° 2700 + 63° 2770 + 100° <0.001 <0.001 0.001
(n=8) (n=8) (n=8) (n=8)
0 688 + 68" 737 + 109° 783 + 77° 1050 + 16 0.012 0.046 0.164
(n=8) (n=8) (n=8) (n=8)
-
O+ IO 661 + 43° 1380 + 166" 3090 + 101° 3290 + 102° <0.001 <0.001 0.029

Values are means + SEM with the number of independent observations indicated in the parentheses.
““Means in a row without a common superscript letter differ (P < 0.05) as analyzed by the SNK multiple comparison test.
*The sum of O, and % H,0,, based on the principle that every two molecules of O, result in one molecule of H,0, (2 O,” + 2H" — H,0, + O, via superoxide dismutase).

'Probability values are indicated in italics.
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TABLE 7 Effects of diet and LPS on the relative mRNA expression for the following gene of interest (GOI) IL-18, TNF-o, and IgT in the head kidney,
spleen, and gut mucosa.

5% Glutamate 'P-value
Sham LPS LPS Glu x LPS

Head Kidney (n=6) (n=6) (n=6) (n=6)
1.00 + 0.27 1.15 £ 0.34 1.42 + 0.36 1.51 £0.23 0.217 0.696 0912

Spleen (n=16) (n=5) (n=5) (n=16)

IL-1B

1.00 £ 0.15 1.07 £ 0.35 0.59 £ 0.23 0.62 +0.11 0.062 0.806 0.925

Gut Mucosa (n=5) (n=5) (n=5) (n=5)
1.00 + 0.30° 0.68 + 0.05° 3.93 + 1.46° 4.03 +0.91* 0.002 0.897 0.813

Head Kidney (n=6) (n=6) (n=6) (n=6)
1.00 £ 0.27 1.04 £ 0.45 1.28 £ 0.29 1.26 £ 0.18 0.427 0.980 0.927

Spleen (n=26) (n=5) (n=6) (n=16)

TNF-a

1.00 £ 0.21 0.85 + 0.32 0.43 + 0.14 0.62 +0.12 0.059 0.888 0.412

Gut Mucosa (n=5) (n=5) (n=5) (n=5)
1.00 £ 0.39 0.60 + 0.08 2.31 +1.00 2.19 + 0.44 0.024 0.655 0.813

Head Kidney (n=6) (n=6) (n=6) (n=6)
1.00 + 0.38 1.28 + 0.46 1.27 £ 0.29 1.18 £ 0.31 0.808 0.783 0.585

IgT Spleen (n=16) (n=5) (n=6) (n=16)
1.00 £ 0.29 1.37 £ 0.55 091 +0.27 1.30 £ 0.20 0.847 0.251 0.983

Gut Mucosa (n=5) (n=5) (n=5) (n=5)
1.00 + 0.29* 0.37 + 0.05" 1.32 £ 0.31° 1.36 + 0.19* 0.013 0.228 0.166

Values are means + SEM with the number of independent observations indicated in the parentheses, normalized to the control-sham group.
*PMeans in a row without a common superscript letter differ (P < 0.05) as analyzed by the SNK multiple comparison test.

'Probability values are indicated in italics.

4 Discussion

Proper redox balance supports mucosal immunity by
controlling ROS production, reducing inflammation, and
promoting gut health (15). This study examined the effects of
dietary Glu supplementation on ROS production and immune
function in HSB. To the best of available knowledge, no previous
research has directly addressed the impact of dietary Glu in HSB. By
exploring Glu’s role in modulating immune responses and oxidative
stress, especially in the intestinal mucosa, we set the stage for future
research to improve disease resistance and aquaculture
sustainability. Several findings warrant discussion.

This is the first study to report plasma AA concentrations for
HSB fed a purified AA diet. Dietary Glu supplementation increased
the plasma concentrations of Glu, aspartate, asparagine, citrulline,
arginine, and tyrosine in HSB without LPS challenge but had no
effect on those AAs in LPS-challenged fish (Table 4). The gut, liver,
skeletal muscle, and kidneys of HSB extensively degrade Glu to
form aspartate and asparagine in the absence of LPS (3, 41), but LPS
may interfere with these pathways. In omnivorous mammals such
as pigs, humans and rats, the enterocytes of the small intestine
convert Glu into citrulline and arginine (9), but it is unknown
whether arginine-synthetic pathways occur in HSB. Alternatively,

Frontiers in Immunology

an increase in dietary Glu provision reduces the catabolism of
arginine by inhibiting the activity of ornithine aminotransferase
(i.e., ornithine + oi-ketoglutarate — pyrroline-5-carboxylate + Glu)
via the mechanism of feedback inhibition (14). This would be of
importance in immune responses because Arg is involved in the
production of nitric oxide (NO, a nitrogen reactive species) to
combat pathogens (42). Likewise, Glu decreased the degradation of
tyrosine by inhibiting tyrosine transaminase (tyrosine + o-
ketoglutarate — 4-hydroxyphenylpyruvate + Glu) (14). As a
direct precursor of catecholamine (epinephrine and nor
epinephrine), thyroid hormones (triiodothyronine and thyroxine),
dopamine, and melanin, tyrosine can regulate the proliferation of
leukocytes and humoral immune responses in mammals (43) and
possibly in aquatic animals. In support of this view, tyrosine
supplementation has been reported to improve the health and
survival of seabream larvae (Diplodus sargus) (44), as well as
Gilthead seabreams (Sparus aurata) and meagres (Argyrosomus
regius) (45). Further studies are needed to explore Glu’s effects on
these specific AAs as well as NO and hormone production. Taurine
is highly abundant in red blood cells and tissues of animals,
including terrestrial mammals and birds, as well as fish (14). As
recently reported by our group (46, 47), the concentration of taurine
is unusually high (1 to 2 mM) in the plasma of HSB (Table 4). The
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(A—D) Goblet cell distribution along villi of the proximal intestine of HSB. Alcian Blue staining demonstrated qualitative differences in goblet cell
distribution along the intestinal villi following Glu supplementation. Goblet cells were less apparent in the control-sham HSB than in the 5%-Glu-
sham HSB. LPS stimulation also seems to increase the distribution compared to their sham counterparts, indicating a possible mucosal response to

the inflammatory stimulus.

decrease in the circulating level of taurine with Glu
supplementation in the absence of LPS challenge (Table 4)
suggested an improvement in the integrity of cells (e.g., red blood
cells) and tissues (e.g., intestine and liver) possibly due to an
increased synthesis of glutathione (a potent antioxidant in cells),
thereby reducing the leaking of intracellular taurine into the plasma.
Intriguingly, the effect of LPS in reducing plasma taurine
concentration possibly by activating taurine removal and
excretion via immune responses (e.g., the formation of N-
chlorotaurine and N-bromotaurine from taurine plus
hypochlorous acid or hypobromous acid) (14) was prevented by
Glu supplementation. As taurine plays an important role in
antioxidative and anti-inflammatory responses (14), this AA may
mediate, in part, the beneficial effects of Glu in HSB. Further studies
are warranted to test these novel hypotheses.

Another novel observation from this study is that dietary Glu
supplementation promoted weight gain in non-stressed HSB
(Table 3), whereas immune stimulant reduced growth, consistent
with previous studies showing LPS challenges hindered growth in
rats (48) and rainbow trout (49). HSB fed a control diet and exposed
to the LPS showed lower weight gain than their sham counterparts,
confirming that bacterial endotoxins negatively impact fish growth.
Notably, HSB supplemented with 5% Glu and not immune-
challenged showed the highest weight gain, suggesting Glu
supported protein deposition in non-stressed conditions. Studies
in pigs (50, 51), and fish (18, 19) have demonstrated that dietary Glu
enhances whole-body growth without immune stress, which should
be further explored in HSB. Studies in zebrafish have also shown
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how the route of delivery of the immune stimulant delivery route
can affect response (52), suggesting that both the timing and
delivery should be experimentally examined.

This study revealed for the first time that Glu increased net ROS
release head kidney leukocytes regardless of LPS and in gut mucosal
leukocytes in response to LPS challenge. The presence of ROS in the
cells could trigger the biochemical reactions for respiratory burst,
particularly in leukocytes from LPS-injected HSB. This suggests Glu
supports oxidant responses in the gut to kill pathogens and may also
have additional systemic effects, as seen in enhanced ROS
production in the head kidney during immune activation. These
tissue-specific responses highlight Glu’s dual role in regulating
oxidative stress and immune function. Similar findings in Jian
carp support the view that dietary Glu can enhance ROS
scavenging and reduce oxidative damage (19). In this context,
superoxide dismutase in the endogenous scavenger catalyzes the
dismutation of reactive O, to a more stable non-radical ROS, H,O,
(53, 54). O,” may be more selective in respiratory bursts, while
H,O0, is the main molecule for immune defense. H,0, is produced
by leukocytes as part of their respiratory burst response involved
through phagocytosis (55-57). Phagocytosis is one of fish’s most
important defense mechanisms to protect themselves from aquatic
microbes. ROS are short-lived, meaning free radicals get rapidly
converted into a more favorable ROS, like H,O, to combat bacterial
pathogens by adjusting the phagolysosome pH during respiratory
burst (53, 54, 58, 59). This would be consistent with the findings on
the net release of ROS by neutrophils and monocytes of zebrafish
(60), these cells could be the primary immune cells in intestinal
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mucosal and head-kidney leukocytes of HSB to release H,O, and
superoxide anion. One key pathway regulating the oxidant-
antioxidant balance is the activation of NADPH oxidase, which
catalyzes the conversion of molecular oxygen (O,) to O,— using
NADPH as the electron donor (61-64). Glu could facilitate
NADPH production and provide energy via ATP formation to
the intestinal mucosal and head-kidney leukocytes by promoting
the pentose cycle and mitochondrial electron transport.

Additionally, IL-1PB expression was increased in the gut mucosa
of HSB fed the 5% Glu diet, suggesting tissue-specific immune
modulation. Extensive Glu catabolism occurs in the intestinal
mucosa of humans (65), rats (61, 62) and piglets (7, 63). High
concentrations of H,O, were observed in HSB’s gut mucosal
leukocytes due to Glu supplementation, which could activate
downstream inflammatory responses. High concentrations of
H,0, could also stimulate thioredoxin-interacting proteins,
thereby facilitating pore formation in the plasma membrane and
releasing IL-1B as seen in mice (66) and zebrafish (67).
Furthermore, the controlled interactions of H,0, with target
pathogens could be due to its diffusing properties, making it more
typical for cell growth and maturation within the gut mucosa (59,
66-70). This is probably why there was an increase in the
abundance of goblet cells along the intestinal epithelium of Glu-
supplemented HSB (Figure 3). The formation and migration of
these cells from the crypt to the villus could be powered partly by
Glu-derived energy.

o o
Ho)‘\/\rL OH
NH

5% Glutamate
Supplement

10.3389/fimmu.2025.1575644

Simultaneously, both TNF-o. and IL-1f expression increased in
the intestinal mucosa of Glu-supplemented HSB (Table 7). While
these pro-inflammatory cytokines are typically co-expressed, TNF-
o expression can be modulated by cGMP that is formed from GTP
by guanylyl cyclase in response to stimuli such as the free radical
NO (68, 69). NO has the ability to react with both O, and H,O, to
form ONOO™, which can amplify the oxidative mechanism to kill
pathogens and can also downregulate inflammation by inhibiting
the NF-xB pathway and, therefore, reduce the expression of TNF-o
(56, 71-74). Most cell types can produce TNF-a, particularly M1-
activated macrophages (71, 75, 76), as confirmed in an in-vivo study
in transgenic zebrafish (77). However, in most teleost fish species,
there are multiple isoforms of TNF-o, indicating functional
specialization that allows a more nuanced control of macrophage
activation and inflammation resolution (78, 79). Isoforms of TNF-ou
may differentially regulate the extent of M1 polarization and NO
production, and their distinct roles could balance pro-inflammatory
and anti-inflammatory responses, particularly in teleost fish with
multiple TNF-o variants. Thus, further research on isoform-specific
functions, particularly in fish models, could provide valuable
evolutionary insights and reveal mechanisms critical to innate
immunity and inflammation resolution while illuminating
broader principles of immune regulation and inflammation
across species.

IgT expression was elevated with Glu supplementation,
compared to the control group, supporting our hypothesis. This

Weight gain increased after 7 days
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FIGURE 4

A summary for the effect of dietary glutamate supplementation on improving growth and leukocyte respiratory burst in hybrid striped bass. Dietary
supplementation with 5% Glu may modulate intestinal mucosal immunity by increasing the production of O,™ and H,O, and improve whole-body
growth by increasing intracellular protein accretion in HSB to enhance disease resistance. Dietary Glu is essential for the intestinal mucosal immune
response in juvenile HSB, and this functional amino acid may also serve as an effective adjuvant for vaccination in fish. Created in BioRender. Hissen,

K. (2025) https://BioRender.com/p33v886.
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is an exciting finding because this is the first study to investigate the
effect of dietary Glu on IgT at the mRNA level. As mentioned
previously, Glu could enhance NADPH production and also
provide ATP to the intestinal mucosa leukocytes by both
allosterically activating key enzymes of the pentose cycle and
promoting electron transport through the rapid conversion of O,
- to H,O, within the gut mucosa. Therefore, AAs must have
sufficient bioavailability for B lymphocytes to proliferate, such as
Glu (15, 28). IgT may be the key molecule to prevent mucosal
damage caused by ROS, but further studies are needed to properly
quantify IgT production at the protein level. These studies should
contribute to the emerging understanding of IgT’s roles in distinct
teleost immune tissues (80) in the bigger picture of fish primary and
secondary lymphoid tissues (81). As mentioned, the immune
stimulant’s delivery route and the timing of supplementation can
affect response. As seen in Carvalho et al. (82), supplementing with
dietary methionine for four weeks and a bacterial bath challenge
decreased proinflammatory mRNA expression within the head
kidney. It would be worth investigating the effects of shorter
supplementation periods and even challenges with bacteria that
pose a threat to aquaculture farms.

Lastly, the increased abundance and distribution of goblet cells in
the intestine (Figure 3) could indicate that Glu-supplementation can
modulate mucosal immunity, for they are typical morphological
markers to identify an active mucosal immune response (15). Glu
has been shown to increase gut integrity (83) and enhance mucosal
barrier function (7), which could be done through the production of
mucin (84). Further exploration is needed to determine if dietary Glu
directly or indirectly impacts mucin production. There was increased
distribution of goblet cells in response to LPS stimulation (Figure 3),
which has been shown to upregulate mucin and cytokine mRNA
expression in teleost fish (85). Mucin production can be associated
with inflammation caused by a bacterial infection, but it is a needed
defense mechanism (85, 86). This makes the possibility of
supplementation with Glu appealing, for it provides a non-invasive
method to modulate the immune response. Thus, dietary Glu is
essential for the intestinal mucosal immune response in juvenile HSB,
and this AA may also serve as an effective adjuvant for vaccination in
fish. Based on our findings on the beneficial effects of dietary Glu on
HSB growth and net ROS release, particularly hydrogen peroxide
(H,0,) in the intestinal mucosa, further investigation of the
relationship between Glu and redox balance in intestinal mucosal
immunity should offer valuable insights for optimizing health to
advance global aquaculture and promote the sustainable production
of high-quality food for human consumption.

Overall, this study underscores the importance of redox
mechanisms in immune function, particularly regarding AA
nutrition and gut health in aquatic species (Figure 4). The findings
have significant implications for aquaculture, highlighting the
potential benefits of high-Glu diets in promoting fish growth and
immune responses. Further research is needed to clarify the
metabolic and physiological pathways through which Glu enhances
fish growth. Additionally, these results suggest that using a purified
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diet is a reliable and useful approach for immunonutrition studies in
HSB, allowing targeted nutrient manipulation for evaluating immune
regulation and overall performance.

5 Conclusions

This study highlights the role of dietary Glu supplementation in
modulating gut mucosal leukocytes in teleost fish, such as HSB.
Dietary Glu could influence key mechanisms, including H,0,
generation, and regulate cellular signaling for redox balance.
Findings from this study show that Glu supplementation
enhances growth, modulates oxidative stress, and supports
immune function, particularly by reducing oxidative stress in the
gut while increasing immune activity in the intestinal mucosa and
head kidney. These results suggest that Glu can be an effective
immunonutrient in both stressed and non-stressed environments.
However, further research is needed to clarify the pathways through
which Glu influences immune function and growth. Optimizing its
use in high-density aquaculture settings could improve fish health
and productivity, positively impacting sustainable food production
in response to growing global demand.
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